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Introduction {#s1}
============

Switzerland is among the countries with the highest age-standardized incidence rates of malignant melanoma (MM), third after Australia and New Zealand (20.3, 35.8, and 34.9 per 100,000, respectively, in 2012) ([@c22]). Interestingly, age-standardized incidence rates for cutaneous melanoma in Swiss and Austrian Tyrol cancer registries are considerably higher than in other central European cancer registries ([@c28]). For example, the rates for 2012 in Germany and France are 11.4 and 10.2 per 100,000, respectively ([@c11]). One obvious explanation may be the higher ultraviolet (UV) exposure at higher elevations, with UV considered the most important risk factor ([@c1]). Recent findings suggest that radon exposure also plays a role ([@c4]).

Radon is a ubiquitous radioactive gas and is the decay product of uranium, a naturally occurring element in granitic and metamorphic rocks. Population exposure to radon is thus mainly determined by the underlying geology of the environment. In Switzerland, average radon exposure is on the order of $78\;{Bq}/m³$ ([@c27]) to $84\;{Bq}/m³$ ([@c19]), which is higher than in other European countries.

It is well known that, after smoking, radon is the second-leading cause of lung cancer, accounting for an estimated 3--14% of cases ([@c24]; [@c36]). In Switzerland, radon has been estimated to account for nearly 10% of lung cancer cases ([@c27]). As such, radon has been listed as carcinogenic by the World Health Organization ([@c36]) and the [@c21]. Inhaled radon decay products deposit in the respiratory tract where they further decay and can irradiate lung tissues ([@c22]), leading to DNA damage ([@c36]). Environmental radon is also relevant for skin exposure because radon attaches to aerosol particles in the air, which adhere to the human skin via electrostatic attraction. Subsequently, the skin's outer layer is irradiated by the alpha particles from radon decay ([@c10]). Annual dose to the skin at $200\;{Bq}/m^{3}$ is estimated to be 25 mSv ([@c9]). As such, the skin receives by far the second-highest dose after the respiratory tract; ranked from highest to lowest, average doses are 97, 2.9, and $< 1\,\text{mSv}$ respectively, for the lung, kidney, and all other organs ([@c22]).

Although causality was not established, theoretical dosimetric calculations in the United Kingdom found that 0.7% \[95% confidence interval (CI): 0.5, 5.0%\] of skin cancers are attributable to the nominal UK indoor radon level of $20\;{Bq}/m³$ ([@c6]). An ecologic study in the southwest United Kingdom by Wheeler et al. ([@c33]) found a higher risk of squamous cell carcinoma in areas with higher mean radon levels \[relative risk (RR) 1.76 (95% CI: 1.46, 2.11)\] for areas $\geq 230\;{Bq}/m^{3}\,\text{versus}\, 0–39\;{Bq}/m^{3}$), and a recent cohort study in Denmark reported an association between long-term residential radon exposure and incidence of basal cell carcinoma \[incidence rate ratio (IRR) 1.14 (95% CI: 1.03, 1.27) per $100\;{Bq}/m^{3}$) ([@c4]).

Because of large differences in altitude and a wide variation in geology and soils, the gradients for both UV and radon exposure are considerable in Switzerland. With the high incidence of skin cancer, exploring the effects of radon and UV radiation on skin cancer risk is clearly a public health priority in Switzerland. In this study, we aimed to investigate the effects of radon and UV radiation exposure on skin cancer mortality.

Methods {#s2}
=======

Swiss National Cohort {#s2.1}
---------------------

Our analysis is based on data from the Swiss National Cohort (SNC), a national longitudinal research platform linking census data with birth, mortality, and emigration data. The SNC was approved by the Ethics Committees of the Cantons of Zurich and Bern ([@c3]). Owing to mandatory participation, nearly all persons residing in Switzerland at the time of the 1990 and 2000 censuses are represented; an estimated 98.6% residents participated in 2000 ([@c30]). For each person, the SNC contains an individual (e.g., sex, date of birth, occupation), household \[e.g., type of household, socioeconomic position (SEP)\], and building (e.g., type of building, number of floors, geographical coordinate) record. We included persons living in Switzerland $\geq 20\; y\,\text{old}$ on 4 December 2000 (date of the census).

For the main outcome, we considered deaths where malignant melanoma (MM) was identified as the definitive primary cause of death. We also investigated nonmelanoma skin cancer (NMSC), which has a much lower case-fatality. Mortality records in the SNC are based on coding of death certificates, and cases are identified by *Internationational Classification of Diseases and Related Health Problems, 10th edition* (ICD10) codes C43 (MM) and C44 (NMSC) ([@c37]).

Exposure Assessment {#s2.2}
-------------------

Annual mean radon and UV exposure estimates were assigned to the addresses of SNC participants at baseline on the basis of *x-y* coordinates and, for radon, floor of residence.

Radon exposure was based on a national exposure prediction model developed and validated with 44,631 measurements from the Swiss Radon Database from 1994--2004. The radon prediction model included underlying geology (tectonic unit), soil texture, degree of urbanization, dwelling type, year of construction of the building, and floor of the residential dwelling ([@c19]). Explaining 20% overall variability, the model was determined to be robust through validation with an independent radon data set \[Spearman's rank correlation was 0.45 (95% CI: 0.44, 0.46) for model development, $n = 35,706$, and 0.44 (95% CI: 0.42, 0.46) in validation, $n = 8,925$).

Long-term residential UV exposure, measured as erythemal-weighted radiation (UVEry) dose in watts per square meter ($W/m^{2}$), was modeled from UV-Index (UVI) measurements ([@c38]) and $2\;{km} \times 2\;{km}$ global radiation ([@c39]) and a $25m \times 25m$ 8 digital terrain model for Switzerland ([@c40]). Global radiation data from MeteoSwiss, based on the Heliosat algorithm, takes account of shadow, albedo, and the sky-view factor. Infrared satellite data are used to distinguish snow from clouds. The annual absolute mean bias difference is $10\; W/m^{2}$ in flat terrain and $\leq 30\; W/m^{2}$ in the mountains. Estimates are generally more accurate during no to light cloud conditions and from May to September. We obtained NetCDF files for the monthly global radiation data \[i.e., Surface Incoming Shortwave Radiation (SIS)\] W/m^2^ from 2004 to 2013. The monthly data were extracted as rasters and were reprojected into the Swiss national projection (CH-1903). Daily maximum UVI data were also obtained from MeteoSwiss for 4 monitoring stations (Payerne, Davos, Jungfraujoch, and Locarno). We calculated the monthly average to coincide with the temporal resolution of the solar radiation data. The geocoded UV monitoring site locations were mapped in a geographic information system and intersected with the series of solar radiation grids. We then calculated the long-term monthly UVI and solar radiation by averaging over the period 2004--2008. A linear mixed-effects regression model was applied to predict UVI on the basis of solar radiation and altitude (Equation 1). The model was evaluated by applying it to later years not included in the model building, giving an adjusted R^2^=0.95 and standard error of the estimate (SEE)=0.60: $$PredUVI = \text{exp}\left\lbrack - 1.05 + \left( 0.02 \times SolRad \right) + \left( 0.00003 \times \left( SolRad \right)^{2} \right\rbrack + \left( 0.0698 \times Altitude\_ km \right) \right)$$ where, *PredUVI* is the predicted UVI, SolRad is the long-term solar radiation; and Altitude_km is altitude from the digital terrain model measured in km.

Finally, we converted modeled UVI to erythemal-weighted radiation (UVEry) dose using [Equation 2](#d2){ref-type="disp-formula"} from the literature ([@c26]): $$\left. {\mathit{UVEry}\,\left\lbrack \text{in}\, W/m \right.}^{2} \right\rbrack = \mathit{PredUVI}/0.4$$ where, *UVEry* is the erythemal-weighted radiation, and *PredUVI* is the predicted UVI from Equation 1.

We obtained a job exposure matrix (JEM) for occupational exposure to UV, specifically including solar UV radiation via outdoor occupation ([@c17]). The JEM was recoded from 5-digit ISCO68 to ISCO88 and matched to the indicated occupation of study participants to define an indicator variable (yes, no) for UV exposure from outdoor occupation at baseline.

Statistical Analysis {#s2.3}
--------------------

The association of UVEry and radon exposure with skin cancer mortality was investigated by stratified Cox regression (baseline hazard stratified by sex), with age as the underlying time axis. We observed individual survival histories from 4 December 2000 through 31 December 2008 among subjects who were $\geq 20\; y\,\text{old}$ at the start of follow-up, and we applied right censoring at the age of emigration, at the age of death from a cause other than skin cancer, or at the end of follow-up. We tested the proportional hazard (PH) assumption using Schoenfeld residuals. Because the hazard ratio of radon decreased with age, an interaction term ($\text{radon} \times \text{age}$) was introduced along with the sex stratification to satisfy the PH assumption. Hazard ratios (HRs) are expressed per $100\;{Bq}/m^{3}$ increase in radon at age 60 (approximate mean age, to reflect population distribution), and per $1\; W/m^{2}$ increase in UVEry. To compare the HRs of the two exposures, results were also expressed per interquartile range (IQR). All models were adjusted for sex, civil status (single, married, widowed, divorced), education (compulsory or less, upper secondary, tertiary, unknown), quartiles of neighborhood socioeconomic position ([@c29]), having outdoor occupation with UV exposure (based on the JEM), and mother tongue (German, French, Italian, other) to reflect differences in lifestyle and cultural attitudes and because skin pigmentation differs between European populations ([@c28]). Additional potential confounders were assessed (though not included) using the likelihood ratio test and a change-in-estimate criterion of 10% ([@c16]): Swiss region (Lake Geneva, Espace Mittelland, Northwest, Zurich, East, Central, and Ticino), degree of urbanization (urban, intermediate, rural), and job attainment (high, medium, low, other). Skin cancer may be related to SEP (i.e., vacation behavior). We therefore included glioma (ICD10: C71, definitive primary cause of death) as a negative control outcome ([@c25]) because it is associated with SEP ([@c23]).

The main model considered MM as the definitive primary cause of death. In sensitivity analysis S1, we explored all MM deaths (i.e., $\text{all} = \text{definitive}\,\text{primary}\,\text{cause}$, concomitant disease, consecutive disease, or initial disease). We further combined MM and NMSC to explore primary (S2) and all (S3) skin cancer deaths, and we looked separately at all NMSC (S4). Models were repeated for those who had lived at the same address between the 1990 and 2000 censuses, considered "nonmovers." We also evaluated the impact of shifting all retirees from the "no" UV exposure from outdoor occupation group to "unknown."

We explored potential effect modification by including interaction terms between sex, outdoor occupation, and mother tongue and each of the two exposures; effect modification was assessed using the likelihood ratio test and was confirmed by running stratified models. We also tested for an interaction between the two exposures.

Results {#s3}
=======

A total of 7.29 million persons were recorded in the 2000 census. Of these, 1,670,536 (22.9%) were excluded because they were $< 20\; y$ of age at baseline, and 359,206 (4.9%) were excluded because of missing building coordinates. A further 1,042 (0.01%) persons were excluded because of missing covariate information on socioeconomic position. Thus, the analyses were based on 5,249,462 individuals accounting for 40,805,591 person-years, a mean follow-up of 7.8 y and 2,989 deaths from all recorded skin cancers.

The distribution of specific population characteristics is described in [Table 1](#t1){ref-type="table"} for the entire population and for different subgroups (including nonmovers and different categories of skin cancer deaths). Over 60% of the cohort participants were married, German-speaking, residing in urban areas, and had upper secondary education or higher; 43% had a medium to high job position, and 4.6% worked in outdoor occupations with UV exposure. Most of the characteristics showed similar distributions in both nonmovers and the entire population, with a total of 48% who did not move between the two census years 1990 and 2000. Slightly more males than females died from skin cancer during the follow-up. The negative control outcome is presented in Table S1.

###### 

Population characteristics and deaths due to skin cancer ($n = 5,249,462$).

Table 1 lists population characteristics; full study sample and non-movers are listed under second and third columns, respectively; MM primary (main model), MM all (S1), plus NMSC primary (S2), MM plus NMSC all (S3) for deaths are listed in the other columns; and NMSC all (S4) is in the last column.

  Characteristic                                             Cohort             Deaths[^*a*^](#t1n1){ref-type="table-fn"}                                                               
  ---------------------------------------------------------- ------------------ ------------------------------------------- -------------- -------------- -------------- -------------- -------------
  Age                                                                                                                                                                                    
   Mean (SD)                                                 48.2 (17.1)        56.0 (16.8)                                 64.8 (14.5)    65.8 (14.5)    66.8 (14.7)    69.3 (14.8)    78.3 (11.5)
   Range                                                     20.0--106.1        20.0--106.1                                 20.3--97.7     20.3--97.7     20.3--100.3    20.2--100.3    27.3--100.3
  Sex, $n$ (%)                                                                                                                                                                           
   Male                                                      2,535,842 (48.3)   1,183,084 (47.4)                            1,092 (57.5)   1,235 (57.3)   1,365 (58.1)   1,728 (57.8)   496 (59.2)
   Female                                                    2,713,620 (51.7)   1,312,931 (52.6)                            808 (42.5)     922 (42.7)     984 (41.9)     1,261 (42.2)   342 (40.8)
  Civil status, $n$ (%)                                                                                                                                                                  
   Single                                                    1,228,004 (23.4)   439,962 (17.6)                              190 (10.0)     209 (9.7)      231 (9.8)      280 (9.4)      71 (8.5)
   Married                                                   3,286,724 (62.6)   1,658,643 (66.5)                            1,304 (68.6)   1,452 (67.3)   1,561 (66.5)   1,887 (63.1)   440 (52.5)
   Widowed                                                   354,562 (6.8)      260,613 (10.4)                              283 (14.9)     356 (16.5)     408 (17.4)     638 (21.3)     283 (33.8)
   Divorced                                                  380,172 (7.2)      136,797 (5.5)                               123 (6.5)      140 (6.5)      149 (6.3)      184 (6.2)      44 (5.3)
  Mother tongue, $n$ (%)                                                                                                                                                                 
   German                                                    3,377,019 (64.3)   1,699,651 (68.1)                            1,410 (74.2)   1,604 (74.4)   1,707 (72.7)   2,184 (73.1)   584 (69.7)
   French                                                    1,037,545 (19.8)   504,472 (20.2)                              342 (18.0)     393 (18.2)     462 (19.7)     591 (19.8)     200 (23.9)
   Italian                                                   372,662 (7.1)      195,761 (7.8)                               107 (5.6)      113 (5.2)      129 (5.5)      155 (5.2)      42 (5.0)
   Other                                                     462,236 (8.8)      96,131 (3.9)                                41 (2.2)       47 (2.2)       51 (2.2)       59 (2.0)       12 (1.4)
  Education, $n$ (%)[^*b*^](#t1n2){ref-type="table-fn"}                                                                                                                                  
   Compulsory education or less                              1,206,261 (23.0)   671,863 (26.9)                              511 (26.9)     603 (28.0)     691 (29.4)     935 (31.3)     335 (40.0)
   Upper secondary level education                           2,808,528 (53.5)   1,372,235 (55.0)                            953 (50.2)     1,078 (50.0)   1,152 (49.0)   1,445 (48.3)   370 (44.2)
   Tertiary level education                                  1,092,115 (20.8)   427,330 (17.1)                              415 (21.8)     450 (20.9)     483 (20.6)     571 (19.1)     121 (14.4)
   Not known                                                 142,558 (2.7)      24,587 (1.0)                                21 (1.1)       26 (1.2)       23 (1.0)       38 (1.3)       12 (1.4)
  Geographic region, $n$ (%)                                                                                                                                                             
   Lake Geneva                                               936,047 (17.8)     430,820 (17.3)                              300 (15.8)     335 (15.5)     400 (17.0)     497 (16.6)     164 (19.6)
   Espace Mittelland                                         1,208,921 (23.0)   613,749 (24.6)                              491 (25.8)     562 (26.1)     618 (26.3)     788 (26.4)     226 (27.0)
   Northwestern Switzerland                                  732,406 (14.0)     361,965 (14.5)                              264 (13.9)     300 (13.9)     310 (13.2)     399 (13.3)     100 (11.9)
   Zurich                                                    930,514 (17.7)     387,148 (15.5)                              325 (17.1)     364 (16.9)     382 (16.3)     487 (16.3)     123 (14.7)
   Eastern Switzerland                                       729,672 (13.9)     351,222 (14.1)                              277 (14.6)     316 (14.6)     334 (14.2)     431 (14.4)     117 (14.0)
   Central Switzerland                                       473,517 (9.0)      232,167 (9.3)                               165 (8.7)      195 (9.0)      206 (8.8)      269 (9.0)      75 (8.9)
   Ticino                                                    238,385 (4.5)      118,944 (4.8)                               78 (4.1)       85 (3.9)       99 (4.2)       118 (3.9)      33 (3.9)
  Job Position, $n$ (%)[^*c*^](#t1n3){ref-type="table-fn"}                                                                                                                               
   High                                                      415,846 (7.9)      140,618 (5.6)                               100 (5.3)      107 (5.0)      104 (4.4)      116 (3.9)      9 (1.1)
   Medium                                                    1,863,641 (35.5)   737,282 (29.5)                              368 (19.4)     388 (18.0)     396 (16.9)     423 (14.2)     35 (4.2)
   Low                                                       1,121,254 (21.4)   457,813 (18.3)                              230 (12.1)     247 (11.5)     255 (10.9)     284 (9.5)      38 (4.5)
   Other                                                     1,848,721 (35.2)   1,160,302 (46.5)                            1,202 (63.3)   1,415 (65.6)   1,594 (67.9)   2,166 (72.5)   756 (90.2)
  Type of area, $n$ (%)                                                                                                                                                                  
   Urban                                                     3,377,624 (64.3)   1,502,255 (60.2)                            1,180 (62.1)   1,352 (62.7)   1,444 (61.5)   1,860 (62.2)   511 (61.0)
   Intermediate                                              1,192,481 (22.7)   609,414 (24.4)                              473 (24.9)     525 (24.3)     584 (24.9)     720 (24.1)     196 (23.4)
   Rural                                                     679,357 (12.9)     384,346 (15.4)                              247 (13.0)     280 (13.0)     321 (13.7)     409 (13.7)     131 (15.6)
  Outdoor occupation with UV exposure, $n$ (%)                                                                                                                                           
   No                                                        5,008,685 (95.4)   2,375,368 (95.2)                            1,849 (97.3)   2,105 (97.6)   2,294 (97.7)   2,930 (98.0)   830 (99.0)
   Yes                                                       240,777 (4.6)      120,647 (4.8)                               51 (2.7)       52 (2.4)       55 (2.3)       59 (2.0)       8 (1.0)
  Radon exposure, ${Bq}/m^{3}$                                                                                                                                                           
   Mean (SD)                                                 91.8 (45.6)        95.7 (47.4)                                 95.2 (48.8)    94.8 (48.7)    95.7 (49.9)    95.0 (49.2)    95.5 (50.3)
   Range                                                     5.2--472.0         5.6--472.0                                  18.1--394.3    18.1--394.3    18.1--394.3    16.7--394.3    16.7--336.3
   Interquartile range                                       47.8               50.2                                        47.8           48.0           49.3           48.7           51.2
  UV-erythemal dose, $W/m^{2}$                                                                                                                                                           
   Mean (SD)                                                 8.5 (0.5)          8.5 (0.5)                                   8.5 (0.6)      8.5 (0.6)      8.5 (0.6)      8.5 (0.6)      8.6 (0.6)
   Range                                                     7.1--13.6          7.1--12.5                                   7.4--11.2      7.4--11.2      7.4--11.2      7.4--11.2      7.4--11.1
   Interquartile range                                       0.7                0.7                                         0.7            0.7            0.7            0.7            0.7

Note: MM, malignant melanoma; NMSC, non-melanoma skin cancer; S1 (2,3,4), sensitivity analysis 1 (2,3,4); SD, standard deviation; UV, ultraviolet.

"Primary" indicates definitive primary cause of death; "All" indicates definitive primary cause of death, comcomitant, consecutive, or initial disease.

Highest completed education/training.

^*c*^Other job position refers to unemployed or not/no longer in paid employment and includes homemakers and retirees.

[Figure 1](#f1){ref-type="fig"} maps the range of exposures across the study population averaged at the community level ($n = 2,896$). At the individual level, the mean (IQR) for the full study population was 91.8 (47.8) ${Bq}/m^{3}$ for radon and 8.5 (0.7) $W/m^{2}$ for UVEry dose ([Table 1](#t1){ref-type="table"}; see Figure S1 for histograms). Radon exposure in 0.25% of the population exceeded the current (and proposed) WHO guideline level of 300 (100) ${Bq}/m^{3}$ ([@c36]). Radon and UVEry exposure were not correlated at the individual level ($r = - 0.01$).

![Mean community-level radon (${Bq}/m^{3}$) and UVEry ($W/m^{2}$) exposure across Switzerland.](EHP825_f1){#f1}

[Table 2](#t2){ref-type="table"} presents the results from the stratified Cox regression models for skin cancer deaths, mutually adjusted for the alternate exposure, for the full study sample and for nonmovers. After adjustment, our main model showed statistically significant positive associations with both exposures and malignant melanoma mortality, with HRs of 1.16 (95% CI: 1.04, 1.29) per $100\;{Bq}/m^{3}$ for radon and 1.11 (1.01, 1.23) per $W/m^{2}\,\text{UVEry}$. Sex-specific HRs for radon, computed for ages 30, 45, 60, and 75 y, are given in [Figure 2](#f2){ref-type="fig"}. A slightly stronger downward trend is apparent for males compared with females. The HRs for the two exposures are similar when expressed per IQR \[1.07 (95% CI: 1.02, 1.13) vs. 1.08 (95% CI: 1.01, 1.15), respectively, for radon and UVEry, M2 main model\] (see Table S2). We found no interaction between the two exposures \[$\chi^{2}\left( 1 \right) = 0.02$, $p = 0.88$\]. No increased risk in relation to either exposure was found for glioma ($n = 3,004$ deaths): $\text{HR} = 1.02$ (95% CI: 0.94, 1.10) per $100\;{Bq}/m^{3}$ radon and 0.96 (95% CI: 0.89, 1.04) per $W/m^{2}\,\text{UVEry}$ (see Table S3). It is thus unlikely that our associations are explained by residual confounding from SEP.

###### 

Hazard ratios (95% confidence intervals) for radon (per $100\;{Bq}/m^{3}$) and UV-erythemal dose (per $W/m^{2}$) exposure and type of skin cancer mortality, age 60.

Table 2 lists population of full study sample and non-movers, model names and number of deaths in the first three columns, respectively; for M1 and M2, HR per 100 becquerels per cubic meter and HR per watts per square meter for Radon and UV-erythemal dose are listed in the other columns.

  Population[^*a*^](#t2n1){ref-type="table-fn"}                     Model  Deaths (*n*)   Radon[^*b*^](#t2n2){ref-type="table-fn"}   UV-erythemal dose[^*b*^](#t2n2){ref-type="table-fn"}                       
  ---------------------------------------------------------------- ------- -------------- ------------------------------------------ ------------------------------------------------------ ------------------- -------------------
  Full study sample ($n = 5,249,462$)                                                                                                                                                                            
   MM (primary)                                                     Main   1,900          1.13 (1.02, 1.25)                          1.16 (1.04, 1.29)                                      0.97 (0.90, 1.06)   1.11 (1.01, 1.23)
   MM (all)                                                          S1    2,157          1.12 (1.02, 1.24)                          1.16 (1.05, 1.28)                                      0.95 (0.88, 1.03)   1.08 (0.99, 1.19)
   $\text{MM} + \text{NMSC}$ (primary)                               S2    2,349          1.14 (1.04, 1.25)                          1.17 (1.06, 1.29)                                      1.02 (0.95, 1.10)   1.12 (1.03, 1.23)
   $\text{MM} + \text{NMSC}$ (all)                                   S3    2,989          1.13 (1.03, 1.24)                          1.16 (1.05, 1.27)                                      0.99 (0.93, 1.06)   1.09 (1.01, 1.18)
   NMSC (all)                                                        S4    838            1.14 (0.87, 1.50)                          1.14 (0.87, 1.50)                                      1.10 (0.97, 1.25)   1.12 (0.97, 1.29)
  Nonmovers ($n = 2,496,015$)[^*c*^](#t2n3){ref-type="table-fn"}                                                                                                                                                 
   MM (primary)                                                     Main   1,350          1.16 (1.02, 1.32)                          1.20 (1.05, 1.38)                                      0.97 (0.87, 1.07)   1.12 (1.00, 1.26)
   MM (all)                                                          S1    1,549          1.15 (1.02, 1.31)                          1.21 (1.06, 1.37)                                      0.95 (0.86, 1.04)   1.08 (0.97, 1.21)
   $\text{MM} + \text{NMSC}$ (primary)                               S2    1,712          1.13 (1.00, 1.28)                          1.17 (1.02, 1.33)                                      1.02 (0.93, 1.11)   1.12 (1.01, 1.24)
   $\text{MM} + \text{NMSC}$ (all)                                   S3    2,231          1.12 (0.99, 1.26)                          1.15 (1.02, 1.30)                                      0.98 (0.91, 1.06)   1.07 (0.98, 1.17)
   NMSC (all)                                                        S4    687            0.84 (0.57, 1.22)                          0.84 (0.57, 1.22)                                      1.06 (0.92, 1.21)   1.04 (0.88, 1.23)

Note: HR, hazard ratio; M1 (2), model 1 (2); MM, malignant melanoma; NMSC, non-melanoma skin cancer; S1 (2,3,4), sensitivity analysis 1 (2,3,4); UV, ultraviolet; UVEry, UV-erythemal dose.

"Primary" indicates definitive primary cause of death; "All" indicates definitive primary cause of death, comcomitant, consecutive, or initial disease.

M1 is the base model with baseline hazard stratified by sex (radon, UVEry, sex). M2 (adjusted model) is M1 plus adjustments for civil status, educational attainment, socioeconomic position, outdoor occupation with UV exposure, and mother tongue.

Nonmovers had the same address in the 1990 and 2000 censuses as determined by *x-y* coordinates.

![Effect of exposure to radon \[hazard ratio (HR) per $100\;{Bq}/m^{3}$ with 95% confidence intervals\] on malignant melanoma mortality by age and sex.](EHP825_f2){#f2}

Sensitivity analyses ([Table 2](#t2){ref-type="table"}) showed statistically significant HRs for radon exposure in the full study sample and nonmovers for most outcomes. The exception was S4 (restricted to NMSC), for which there was a small proportion of deaths. Although we found positive associations between UVEry and skin cancer in the full study population, associations were only borderline significant for all MM (S1; $p = 0.09$) and all NMSC (S4; $p = 0.14$).

The associations were not modified by sex or mother tongue ([Table 3](#t3){ref-type="table"}). However, the HR for UVEry was higher for persons engaged in outdoor occupations with UV exposure than for others \[1.94 (95% CI: 1.17, 3.23) vs. 1.09 (95% CI: 0.99, 1.21) per $W/m^{2}$\], although the difference was not quite statistically significant ($p = 0.09$).

###### 

Effect modification for the relationship between radon and UV-erythemal dose and mortality from malignant melanoma, age 60.

Table 3 lists subgroup in the first column; HR per 100 becquerels per cubic meter and HR per watts per square meter for Radon and UV-erythemal dose, respectively, is listed in the other columns.

  Subgroup                                                                              Radon[^*a*^](#t3n1){ref-type="table-fn"}   UV-erythemal dose[^*a*^](#t3n1){ref-type="table-fn"}
  ------------------------------------------------------------------------------------- ------------------------------------------ ------------------------------------------------------
  Sex                                                                                                                               
   Males                                                                                1.14 (0.99, 1.31)                          1.13 (1.00, 1.29)
   Females                                                                              1.19 (1.01, 1.39)                          1.09 (0.94, 1.26)
  *p*-value for interaction[^*b*^](#t3n2){ref-type="table-fn"}                          0.72                                       0.71
  Mother tongue                                                                                                                     
   German                                                                               1.16 (1.01, 1.34)                          1.06 (0.94, 1.20)
   French                                                                               1.10 (0.90, 1.35)                          1.04 (0.82, 1.32)
   Italian                                                                              1.25 (0.88, 1.78)                          1.85 (1.27, 2.67)
   Other                                                                                1.07 (0.48, 2.38)                          1.07 (0.60, 1.91)
  *p*-value for interaction[^*b*^](#t3n2){ref-type="table-fn"}                          0.93                                       0.17
  Outdoor occupation with UV exposure, at baseline[^*c*^](#t3n3){ref-type="table-fn"}                                               
   No                                                                                   1.17 (1.05, 1.31)                          1.09 (0.99, 1.21)
   Yes                                                                                  0.95 (0.52, 1.74)                          1.94 (1.17, 3.23)
  *p*-value for interaction[^*b*^](#t3n2){ref-type="table-fn"}                          0.45                                       0.09

Note: HR, hazard ratio; UV, ultraviolet.

Reported HRs and 95% confidence intervals are for the main model, that is, fully adjusted M2 models, for deaths from malignant melanoma.

*p*-value of the Chi-squared test used to assess between-strata heterogeneity.

"No" includes employed individuals working indoors, as well as those not employed or retired (i.e. unexposed to UV from outdoor occupation).

Discussion {#s4}
==========

We found a statistically significant increased risk of death from malignant melanoma and skin cancer in general, independent of UVEry, in adults associated with exposure to radon. Interestingly, the risk when expressed per IQR in exposure is similar for radon and UVEry. The effect of UV on skin cancer mortality, however, is expected to be an underestimation given that we only modeled residential exposure and did not take into account personal behavior and vacation habits. Dadvand et al. ([@c7]) reported that ambient UV levels account for only a small portion, approximately one-fifth, of the variation in facial exposure levels. For radon, modeling residential exposure is expected to produce less exposure misclassification.

Worldwide, Switzerland has amongst the highest skin cancer incidence. In part, this may be related to the wealth and behavior of the population leading to recreational UV radiation exposure. Many persons may have traveled south for vacations before this luxury was accessible to the general population in Europe, and on average, more people in Switzerland engage in outdoor physical activity (72% vs. 32% average for Europe) ([@c15]; [@c35]). Natural UV levels are also relatively high owing to the elevation in the alpine regions. In addition, certain areas of Switzerland have elevated radon levels because of the underlying geology, which leads to high doses of radon (31% adults exposed $> 100\;{Bq}/m^{3}$).

The HR for radon and MM death ranged from 1.41 (95% CI: 1.09, 1.80) at 30 y to 1.05 (0.94, 1.18) at 75 years of age per $100\;{Bq}/m^{3}$. This decrease in risk with age is plausible with the observation that sensitivity to ionizing radiation decreases with age. For example, the excess relative risk of cancer in Japanese atomic bomb survivors was twice as high after exposure at age 10 compared to exposure at age 40 ([@c8]). We found similar point estimates for MM and NMSC in the full study sample ([Table 2](#t2){ref-type="table"}); however, the association for NMSC and radon was not statistically significant likely because of the smaller number of cases. Furthermore, the point estimate for MM was highest in individuals residing long-term at the same address, where exposure misclassification is reduced. NMSC and MM mortality are linked to chronic and intermittent UV exposure, respectively ([@c2]). Our model of long-term residential UVEry levels is more representative of chronic exposure. We can, however, assume that areas with higher average UV also have a greater probability for higher acute exposures. The likelihood of this assumption is reflected in our results, where we observed statistically significant effects for UVEry and MM mortality.

Despite the small number of individuals exposed to UV through outdoor occupation (4.6%), stratified analysis showed a compelling pattern for the two exposures. Though the *p*-values for interaction were not significant, UVEry dose seems more relevant for malignant melanoma mortality in individuals with outdoor occupations, whereas radon exposure may be more important for those not working outdoors ([Table 3](#t3){ref-type="table"}). The large nonexposed group, however, may be subject to exposure misclassification. We can only speculate that these individuals spent the majority of their time indoors, either working or engaged in other activities. Furthermore, previous UV exposure from outdoor occupations is not known because we only assessed this covariate at baseline. However, removing retirees, for whom previous outdoor occupation was unknown, did not substantially change the HRs (see Table S4).

Few studies have been conducted on the association between skin cancer and radon. The American Cancer Prevention Study II (CPS-II) cohort found HRs of 1.08 (95% CI: 0.88, 1.33) and 0.70 (95% CI: 0.42, 1.19) per $100\;{Bq}/m^{3}$ in mean county-level residential radon for MM and NMSC mortality, respectively ([@c31]). Wheeler et al. ([@c33]) found an association between radon and incidence of squamous cell carcinoma (SCC), but not basal cell carcinoma (BCC) or MM, in southwest England; nor did they find an association with incidence of NMSC (SCC and BCC combined) at the national level ([@c34]). In contrast, Bräuner et al. ([@c4]) found a statistically significant association between BCC and radon \[HR of 1.14 (95% CI: 1.03, 1.27) per $100\;{Bq}/m^{3}$\] but not for SCC or MM in a Danish cohort study. Notably, radon exposure contrasts in England and Denmark are lower than those in Switzerland.

The major strength of our study is the longitudinal data for a large population and information on household location, including floor of residence, enabling an objective assessment of residential exposures. We also incorporated a JEM to include information about UV exposure from outdoor occupations. Finally, we evaluated a negative control outcome, finding that the associations were not likely to be explained by residual confounding from SEP. As a census-based cohort, however, we lack individual-level data on sun sensitivity and on behaviors that have been shown to be important (i.e., vacationing in sunny locations, use of sun protection, and indoor tanning) ([@c5]). UV exposure estimated by our residential model is vulnerable to exposure error, although the exposure misclassification is expected to be nondifferential. We also cannot rule out that the associations for radon may be subject to residual confounding by UV exposure given that UV is such a strong risk factor for skin cancer. Correlation between individual UV and radon exposure, however, is very low ($r = - 0.01$), which limits the extent of residual confounding. Without information on sun and tanning behavior, we can only speculate about the impact on our results. For example, in rural areas, people may spend more time outdoors, whereas indoor tanning may be more popular in urban areas. We also acknowledge the somewhat low explained variance in our radon prediction model. The type of error, however, for this kind of exposure model is expected to be mainly Berkson error, which would increase the confidence intervals of our associations rather than lead to biased estimates. Furthermore, we do not have information on cancer sites, although this information may not be helpful for disentangling the effects of radon versus UV given that doses from both exposures are highest for uncovered skin ([@c9]).

Switzerland has among the highest mortality rates for malignant melanoma in Europe, with an age-standardized mortality of 4.9 (male) and 2.4 (female) per 100,000 in 2012 compared with 2.8 (male) and 1.7 (female) in the European Union (EU-27) ([@c12]). Although the mortality rate has been relatively stable, the incidence of malignant melanoma in both men and women in Switzerland has more than doubled in the last 20 y. Based on the percent share of cancers in Switzerland, incident skin cancer is ranked fifth after breast, prostate, colon-rectum, and lung cancer ([@c14]). By focusing on the most severe outcome, we miss a large portion of the incident cases; approximately 15% of incidence is captured by mortality ([@c14]). Known issues about the reliability of coding on death certificates is also a potential limitation. The proportion of represented cases and mistakes in coding, however, are expected to introduce nondifferential misclassification unless the severity of disease is affected by exposure, for which we have no indications in the literature.

Further studies on radon in relation to skin cancer incidence are needed to better understand the role of radon exposure as a risk factor. In Switzerland, radon is already recognized as a public health issue based on the known association between inhalation and lung cancer, and a National Action Plan for 2012--2020 is in place to adapt the existing legislation (i.e., the Radiological Protection Ordinance of 22 June 1994, with a limit value for obligatory remediation at $1,000\;{Bq}/m^{3}$ and a guideline value of $400\;{Bq}/m^{3}$) ([@c13]).

Another question is whether the noted increase in skin cancer incidence is related to better screening and reporting, or if one or both of the considered exposures have also increased in recent years. One obvious factor is the use of sunbeds. Although trends in sunbed use in Switzerland are not available, a recent international meta-analysis including studies from Europe found indications for an increasing trend ([@c32]). A cross-sectional survey in 2011 in Austria by Haluza et al. ([@c18]) also found high prevalence of self-reported sunbed use, particularly in individuals 18--29 y old. With regard to radon, our data suggest that concentrations in the living rooms of homes have decreased over time, with levels stabilizing in buildings constructed in the last half of the 20th century ([@c20]). In new, yet unpublished measurements, there is some indication of an increase in radon concentrations in new energy-efficient homes (F. Barazza, Scientific Associate, FOPH, email communication, October 2016). This small increase, however, could not explain the observed incidence increase given the magnitude of risk seen in our study for radon.

Because the dose to the lung differs only by a factor of four compared with the dose to the skin ([@c22]), a link between radon and skin cancer may be plausible. Such a link may affect radon guidelines on a global scale ([@c36]).

Conclusions {#s5}
===========

Information on the risk of radon exposure with regard to skin cancer is limited in the scientific literature. In a large prospective cohort, we found an increased risk of skin cancer mortality in association with household radon levels. The present study supports the hypothesis that radon exposure is a relevant risk factor for skin cancer independent of residential UVEry exposure. Additional studies on this topic are therefore of high public health relevance.
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=====================
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Click here for additional data file.
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